A B S T R A C T Perfused rat liver removes 97% of the taurocholate from the afferent circulation when the perfusate albumin concentration is 0.5 gIdl. Increasing the albumin concentration 10-fold reduces the concentration of free taurocholate by a factor of five but produces only a 50% reduction in the apparent uptake coefficient. A similar discrepancy is evident from a model-independent analysis ofthe extraction fractions. From these observations we argue that uptake is not driven solely, or even predominantly, by the plasma concentration of free taurocholate but also depends on interaction between albumin and the cell surface. Nonequilibrium binding, saturation kinetics, and an inhomogeneous population of liver cells are considered as alternative explanations and excluded. The possibility that albumin exerts its effect by enhancing the diffusion of taurocholate across an unstirred layer in the Disse space appears improbable but cannot be eliminated.
INTRODUCTION
The mammalian liver appears specialized for the removal of solutes bound to protein. The most obvious structural feature subserving this specialization is the porous endothelial lining of liver sinusoids, permitting rapid exchange of albumin between blood and the Disse space, thus ensuring intimate contact between bound solutes and the surface of liver cells. An endothelium permeable to protein can hardly explain the removal process itself, however, because albumin is not removed in the uptake process (1) .
No definitive study of this phenomenon has appeared, but it has generally been assumed that the plasma concentration of free (unbound) solute determines the uptake rate. Despite the fact that many solutes such as bilirubin and propranolol are efficiently Portions of this work have appeared in abstract form (1980. Gastroenterology. 78: 1330.) .
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Received for publication 21 August 1980 and in revised form 24 November 1980. removed in the face of virtually complete protein binding, this idea has gained wide acceptance. For example, a substantial pharmacologic literature based on it has recently been summarized and defended by Shand et al. (2) and Wilkinson (3) .
The studies to be reported here were designed to test this assumption by examining the effect of albumin on the removal of taurocholate.
METHODS
The livers of22 female Sprague-Dawley rats (250-300 g) were perfused in situ with Krebs-Ringer-HCO3 buffer containing either 5 .0 g/dl or 0.5 g/dl bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.). The recirculating perfusion system consists ofa stirred reservoir equilibrated with 95% 02, 5% CO2 through a coil of silastic tubing (Dow Corning Corp., Midland, Mich.), short lengths of silastic tubing that conduct perfusate to the portal vein and back to the reservoir from the thoracic vena cava, and a roller pump The governing equations for the distributed compartmental model, the calculations that underlie the interpretation of the binding data, and the mathematical basis for model-independent estimates of the uptake coefficients are summarized in an appendix.
RESULTS
As judged by perfusate flow, portal vein pressure, bile production, liver weight:body weight ratio, and the volume of distribution of labeled protein, livers perfused with 5.0 g/dl albumin were indistinguishable from those perfused with 0.5 g/dl albumin. The distribution ofalbumin transit times was also independent of the albumin concentration. Numerical data summarizing these results appear in Table I . As a further check on the functional integrity and similarity of the two groups, coded sections ofeach liver were examined by light microscopy. All the livers appeared normal, and no distinguising histologic features could be identified. As summarized in Table I Thus a 10-fold increment in albumin concentration was associated with an 80% reduction in the free fraction of taurocholate, but in each case this fraction was constant over the entire range of bile salt concentrations that (S) (6) (11) (I11) (11) 
Mean±+-SD for (n ) rats.
* Bovine serum albumin. Determined with 1251 human serum albumin. tALB, mean albumin transit time corrected for cannula dead space. could have occurred within the sinusoids or the Disse space. This is an important consideration, because our argument depends on knowing the binding ratio at every point within the liver lobule.
Two important results were apparent from simple inspection of the disappearance curves (Fig. 2) . In every case the curves were log-linear suggesting that the removal process was not associated with measurable efflux of taurocholate from liver cells. This was confirmed by the fitted values of the efflux rate constants that averaged 0.00001±0.00003 s-1. Second, despite an 80% reduction in free taurocholate concentration, livers perfused with 5.0 g/dl albumin removed taurocholate only slightly less rapidly than did those perfused with 0.5 g/dl albumin.
The uptake constant, K, obtained from each curve is the uptake flux rate per unit of total taurocholate concentration and is therefore a falsely low estimate of the transfer coefficient that would apply to the uptake of free material. Accordingly, the conventional assumption that uptake is determined solely by the concentration of free taurocholate leads to a corrected uptake constant, Kc, defined by the relation, KC = K+. Values of KC together with the other kinetic data appear in Table II If Kc is a constant, independent of u and x, Eq. 1 has a simple solution that may be expressed in terms of the extraction fraction, E, as E = 1 -exp -(q,K,/F). ( 2) The distributed model, though substantially more complicated than this, uses the assumptions embodied in Eq. 2 to estimate Kc from observations of E, 4,, and F. The sinusoidal concentration of taurocholate in these experiments was at most 18 ,uM, which is only 2-3% of the concentration required for half-saturation ofhepatic uptake by rat liver (1, 13) . We are confident, therefore, that K. is independent of u. However, there are no experimental data to justify the assumption that Kc is independent ofx. To avoid this uncertainty we abandon the constraint that K. be constant, and instead allow Kc to be some unspecified function of x, say K, = g(x).
The solution to Eq. 1 is then
The right side of this relation is by definition the mean value of g(x) (i.e., the mean value of K.), and its value can be computed from the independently measured values of F, 4, and E. Since the integral in Eq. 3 is independent of the albumin concentration, an assumption that the concentration of free taurocholate is the sole determinant of uptake predicts that F ln (1 -E)/ 4, will be constant. In the appendix this line of reasoning is developed for an array of sinusoids with a Gaussian distribution of flow rates consistent with the shape of the albumin outflow curves. Mean values for Kc computed by this model-independent approach were 33.1 +5.8 and 86.4+19.8 for albumin concentrations of 0.5 and 5.0 g/dl, respectively. These values are similar to those in Table II derived from fitting the disappearance curve with K as a constant parameter.
In view of these considerations we suggest that the experimental data represent the net effect oftwo opposing phenomena. Since protein is not itself removed in the uptake process (Table I) with protein evidently enhances the presentation of taurocholate to its carrier on the cell surface. Two kinds of mechanisms, not necessarily mutually exclusive, might account for this effect. One possibility is that protein binding accelerates the diffusion of taurocholate across the unstirred fluid layer in the Disse space. The second is that dissociation of the taurocholate-albumin complex is enhanced by contact with the cell surface in such a way as to provide for a local concentration of free bile salt substantially higher than that predicted by the equilibrium distribution in free solution. These speculations are illustrated schematically in Fig. 3 .
To evaluate the possibility that albumin exerts its effect by helping to overcome the diffusional resistance of unstirred fluid in the Disse space, we require an estimate of the diffusion time relative to the time characteristic of the membrane transport step. The reason for this is that changes in diffusion time can materially alter the overall uptake rate only if diffusion is rate limiting. Goresky (9) has estimated the time for albumin to reach diffusion equilibrium in the Disse space at 60 ms. If this estimate is correct, diffusion is substantially faster than the membrane transport step (190-380 ms) and is therefore unlikely to explain the present results. Because the diffusion coefficient for albumin in extracellular matrix is unknown, however, and because the geometric factors in Goresky' 
dt = where x is the cumulative volume of each sinusoid.
There are 2j + 2 differential equations in all since Eq. 4 and 5 must be solved for each class of sinusoids. The solution to Eq. 4 is constructed by Laplace transformation using the following auxilliary conditions. u1(O, t) = P(t) uA(x, 0) = Z(X, 0) = C(O) = 0 P(0) = 1. [(i/fiv) g(x) dx (13) The extraction fraction for the sinusoidal array as a whole is defined as _mf,u,(vu/m) Fu(E) (14) 1 -Ei = ui(V./m)Iu(O).
(15)
The transcendental system, Eq. 13-15, was solved by numerical iteration to find the integral in Eq. 13, which is by definition the average value of K. The values of Kc obtained in this way were similar to those obtained directly from Eq. 3.
